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ABSTRACT
We consider Bethe-Heitler pair production in which the exchanged
photon is replaced with a neutral weak intermediate boson. The interference
between this and the pure Bethe-Heitler amplitudes contributes to an
asymmetry between the lepton pairs and, in addition, the leptons acquire a
finite longitudinal polarization, Both effects are calculated and numerical

examples are given in the standard Weinberg-Salam model.
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I. INTRODUCTION

Weak neutral currents have been observed only in neutrino scattering. !
Popular gauge theories of the weak and electromagnetic interactions
predict that neutral currents should also show up in reactions not involving
neutrinos, e.g., in e+e— - |J.+}.L_, atomic transitions, etc, While the colliding
beam experiment can best be done at high energy mau::hines‘»2 now under
construction (PEP and PETRA), ongoing experiments on atomic transitions
have already reported3 negative results, and their implications for gauge
models have been analyzed. 4

We have studied the effects of weak neutral currents in another
neutrino-less experiment, viz, Bethe-Heitler pairs: y + N = ¢ " +q & X,
The pair ¢ +£ ) may be either electrons or muons, > By studying the
interference between the weak and electromagnetic amplitudes we look for

signals which are absent in pure electromagnetic Bethe-Heitler pair

production. This is in the same spirit as neutral current calculations

+ - 6,7

for e+e- = p p , atomic transitions or 2N - EiX, the latter being
closer to the type of calculation reported here, The virutal photon in the
electromagnetic amplitude is replaced by a neutral intermediate vector

boson ZO having both vecfor and axial vector couplings to matter., Fig, 1
shows the Feynman diagrams involved in this calculation. A totally

different set of diagrams also gives similar effec'cs8 which may be observable

only if the ZO (exchanged in the s-channel) is near its mass shell, If the

2
Zo is as heavy as gauge theories predict (3 75 GeV/c¢"), this happens at
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far too large energies (~3 TeV). The present calculation is based on t-channel
exchange and for all practical purposes we can let the boson mass MZ - ®,

A simple dimensional argument then tells us that the effects expected

here are of order Gsz/ e2 where k2 is the square of the momentum .
transferred to the target.

There are, of course, other pure electrodynamic processes for the
photoproduction of lepton pairs. They do not give parity violating effects,
Two photon exchange diagrams yield asymmetries very much like the ones
derived here, These are odd under the interchange of the leptons and
hopefully one can distinguish experimentally between the two by, e.g.,
their different behavior as one varies the photon energy. There are excellent
reviews on Bethe-Heitler pairs and their background and we refer the
reader to these. ?

Compton-like diagrams, shown in Fig. 2, are expected to be smaller
than the Bethe-Heitler diagrams which we calculate, in particular for
large incoming photon energies., The s-channel diagrams involved in
Compton-like pair production are highly damped since the intermediate
hadron is far off mass-shell. In parton language, the struck quark must
be very much off-mass-shell. We have therefore neglected these diagrams,
Any calculation at best would be highly model dependent in contrast to
Fig., 1.

In the next section we outline the derivation of the leptonic tensor

and write down the hadronic tensor in a model-independent manner, By
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taking the appropriate products we obtain the totally differential cross
section containing the sguare of the electromagnetic amplitude and its
interference with the weak amplitude. In section III we adopt a particular
model for the coupling of the intermediate boson, In section IV numerical
results are presented on two effects: lepton polarization and asymmetry.

Remarks and conclusions are collected in section V.

II. DERIVATION OF FORMULAS
A. Formalism

Our calculation of the process
+ -
via) + N(P) ~ 2 (p,) + £ (p_) + X(P,) (1)

is based on the four Feynman diagrams shown in Fig, 1. Denoting the

pure Bethe-Heitler amplitude corresponding to Figs, 1a and 1b by MEM’

and the weak amplitude corresponding to Figs, 41c and 1d by MZ’ we seek
2
MEM' + 2ReM . M

E The interaction Hamiltonian we use is the

7
10
following

SR L _ _ = - [
H = ely N N TR o R L (2)

We will first calculate the weak amplitude

~ieg_.g
. ___V°h 9.p - - .t -
M, = — 5 € JWu(p_){l" I‘pc}(‘l g.¥:vip, ), (3)

ap
k MZ
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where

r* - 1 - @ - (4)
b " Yap, g Ve Za.p, TP A

ecr = ea(q) is the polarization four-vector of the incoming photon, and
we have used momentum conservationp_ -k =g - P,- All lepton masses
have been dropped, and we have defined g. = gA/ gy By obvious replacements

in equation (3) we obtain the electromagnetic amplitude

1l

3
-ie o_p - - +
Moo 2 € JEMu(p_){FUp I‘pc}v(p+) . (5)

In terms of the leptonic currents jp and jp5, where

.5 _  _o_ -+ }
i, <. u(p_){rcp Tpa}“ gy v, . (6)
and
5
=3 g, =0) ;
Jp Jp €.
we immediately obtain
2 _ e . ‘* pl :}:p
My | Al TEM TEM ()

and
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4
. € g8
V~h (. ..5:p" *p  .*5 _¥p P'}
= 3L +
ZReMEMMZ 5> > 1_]p|3p JEMJW JpJp'JEMJW
k (k - MZ )
(8)
* 5
e A e afe
= “vih j ;iz"{J"'pJp' L }
1
kz(kz-M 2) p'p U W EM W EM |
Z
5 5 ::cs
where we have used the relationj j=, =] ,j
PP PP

In the next section we calculate the leptonic tensors jp,j; and

. 25 . : . p' L %p
JP'JP . In section IIC we give the hadronic tensors JEMJEM and

JWEJJ;;M + J{JK:’J;?‘A’ and in section IID we give the final result for the
differential cross section. In section IIE we write down the expressions
for the polarization and the asymmetry of the leptons. The various formulas
are discussed in section IIF,
B, The Leptonic Tensors
We first calculate jp,sz since jp'j:: can be obtained from it simply
by setting g. " 0. We average over the photon polarization but keep the

11 %5
lepton helicities  in the tensor jp,Jp :

where

e R L L U - S T S IR S -
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The traces are

- + -C +o
Spp, = Tr%}d+[1“po_— I“Up:lp_ [I‘p, - rp':l (10a)
and
5 _ - + -0 +o
S Tr;y5p+[rpc rcp]p_ [rp, r ]% . (10b)
5 ) .
One can prove that Spp‘ and Spp’ satisfy the relations
Spp,(p+, p_) = SP,P(p+, p_) = Spp,(p_, p,) (11a)
and
5 _ 5 L 5
Spp.(P+. p_) = -Sp,p(p+. p.) = Spp,(p_, p,) . {11b)
These relations can be used to simplify the calculation of the traces,.
We shall express the result in terms of the following variables introduced
12
by Drell and Walecka:
£ =q+k =p, *p_ ., & =p_-p, .,
- - . P q
X, =29 p_,xz—?-q P, . X4 i , {(12)
T
x=P'A x=-——p'k x=k2
4 MT 5 MT 6

where MT is the target mass. Then,



LT
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= M +M_ £ 2 M AA +MA{A L  +4 0
18pp 27 p" p' 3 p ¢ 4 p p p' p)
(13)
+M_(£ k,+4 k)+M(Ak , +A k)
57 pp PP 6" pp p' P
_ v BV BV
= + +
Sopt T N pp P Pr TN I P TN TR e)
In these equations Mi’ N3 are given by the following:
4 1 2 2
+ 3 +
x| Fe TEGy rE X 00,
12
4x6/x1x2 , M3 = M2 , M4 =0
(15)
_2(X1+XZ+ZX6)/X1X2 , M6 = Z(x1 -xz)lx1x2 \
= + = - +
2M, . N, 4(x, xé)/xix2 » Ny 4lx, +x, ) %,

One can check that our expression for Spp, agrees with that of reference

12 when the lepton mass is set equal to zero., QOur additional terms

proportional to kP are necessary for a gauge invariant tensor,

o satisfies

T
k sP? - o ) (16)
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Since we have dropped the lepton masses, a similar relation holds

for 85
p

1
Kk s°PP - ¢ ) (17)

6

1
relevant hadronic currents are conserved. 2 We chose to keep these

Of course, one may drop the term proportional to kp (M5 and M, ) if all

terms to allow for the possibility that the hadronic currents (vector and
axial vector ) may not be conserved, and also to make the simplification
later in the hadronic tensor where we shall drop all terms proportional
to kp by virtue of (16) and (17).

As mentioned earlier, we simply put gr = 0 to obtain the pure Bethe-

Heitler amplitude. Therefore

1 .oF . .%5 _ 1 5

zEJ.J ‘EE(Jd ), . ~-—-—-{a5,+438.} (18)
Lo “pp £ p g.°0 S(Zm)z 0" pp 0 pp' ) ,
Y

v

5
where a, =1 - A\ , [30 =A_~-x_,and 5 ,and S _ |, are the same tensors

0 + +’ pp !

given above by Eqs. (13) and (14).

C. The Hadronic Tensors

pl' J:}:p

EM° EM is well known

The structure of the hadronic tensor involving J
and, averaging over the spin of the target and summing over final state

variables, can be written in the form
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pp' :—"_ 4o
Wt -k, P) 2 2 FM EM& (P- k Pf)
S

8¢ F (19a)
k k W p P
1 1 P P
(g e )+ (- B (v 2k )
k MT k k
which becomes
T
! 1 Pp
wPP -k, P) = -gPP W, +—-f%- W, (19b)
MT

when the terms proportional to kp are dropped.
For the tensor describing the interference of the weak and electromagnetic
amplitudes at the hadronic vertex we follow the notation of reference 6

and write

i i o' _Fp p L
Rop P z Z Jgp? EM+JWJEM)6 fP-k Pe)

k k., R P. P P- P'
- "Ri(g - 929) + 22 (P_——Zkk) (P- zk) (20a)
pe k M k k
T
iR R
oy 2 PPaB M 2\erp WZoope
T T

PP, %P
R ,(-k,P) = -g R +E£ELR +ie — R (20b)
ep' pptl g 22 pplaf, . 23
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after dropping the terms proportional to kp'

The structure functions Ri’ RZ’ R3, and, of course, W1 and W2
are functions of kz and v = X vW2 and presumably Wi’ Ri’ sz and

vR3 scale in the variable x where

2M, v ZMTX5

D, The Differential Cross Section

We shall next calculate the totally differential cross section. Defining

d3p:|:
d¢i - 2E
+
we find that
do(n , N ) -e6M
Yo T (a5, +8.5 WP
H 1
d¢ dé_ 16(2m) Kk P+ g 0 0 ep
(21)
2
kg..g
+ v'h (aS

2, 2

1
= (a5, +8S° IR

, is antisymmetric under p «* p', so

5
We note that (see Eq. (14)) Spp

t
that S° WPP = 0. Similarly, only the last term, R., contributes to

1
Szp,RPp . The final result is:
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do(h , X ) 2 3
+ = (e /4m) _
d¢ d¢_ =~ 2 2 2oLy Wy = L, Wy)
T X% 2%5%g
(22)
g..8 X
VTh 6 B
- R )+ R
¥ 2 - z)[“(LiRi LR, M, 3 3]{
e (x, 7
where
X X
12 Lp 2z
L1 S Sp x, tx, +2x6(x X x6) ,
x,x__p_p'
172 pP ¢ L, 2 2
= = - + + + 3
L, 3 5 Sy T (g TR My Fx, bx DAk 4,
M
T
-x.x_( +x)+x(x2+x2)+xx{ -x.) (23)
Ha¥gtiy TR T RS 4 A B S
-ix x
.12 5pp' 1 B _ . .
L3 = SMT Epp'a’BS k" = (xJ1 XZ}[XS(X1+X2+X6) x3x6]
+ + +
X4X6(X1 x2 2x6)
If the polarizations of the final leptons are not measured, one must
sum over both helicities and the resulting cross section is
N
dotp,, P - ) N z doth, *) ) 4(e®/4m)’ LW -L W
46 dé_ &, a6 dé 2, . L 21T T2
+ e T %1%2%37e
(24)
L
L, _Svine LR -LER -g 3R3]
P w2y Tt T2z FroaMg

6 Z
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E. The Polarization and Asymmetry of Final L.eptons
We will assume that the polarization of only one of the leptons, £ i
or { ‘, is measured. Note that the pure Bethe-Heitler diagrams predict
a correlation between these polarizations in the case of a simultaneous
measurement, viz, h+ = =X, but do not constrain the values of x+ or :_

independently (<k+> = <\_> =0). The interference between the weak and

electromagnetic amplitudes will cause a net polarization:

Z {dc{k+ =1, »_) - do(r_ = -1, x_)}

P -
+
Z do(r,, 1_)
25
A_a N (25)
Sy
gy Xl 8Ly Ry - TpRy) - 2M LRy

2 2
-M W -L W
€ (Xé Z )(Li 1 2 2)

Another signal which comes from the weak amplitude is an asymmetry

=+ -
under the interchange of £ and £ :

do(p_, p_, ... ) -dolp_, p,, ...)
do(p,, p_, ... ) *dolp_, p, ...)

(26)
"€ 8%, 3Ry
- 2 2
2Me”(x, - M, 0L, W, - L,W,)

There are, of course, also deviations from the pure Bethe-Heitler

cross section even for symmetric pairs, especially for lage values of | k2 [ :
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d s By8, e Ty Ry~ LoRy) (27)
p 2 2 :
B. -H. sym. e x, = M, )L, W, - L,W,)

°B. -H. + Weak
d

F. Discussion of Formulas
If the polarization of only £ -, rather than ? +, is to be measured,
then one simply must change the overall sign of Eq. (25), i.e., <\_> = -<\+>,
This is a consequence of dropping the lepton mass and the subsequent
y5-invariance of %(Mptonic ).

For symmetric pairs, L, = 0, and Eq. (25) simplifies to

3

g. g x (LR, - L2 2)
<\ > = -<7\_>Sym = ZA h 6 ; ! - . (28)
e (x6 - MZ )(Liwi - LZWZ)

Under rather general assumptions (see below) Ril R2 = Wil W2 in which
case Eqgs. (27) and (28) become almost independent of the lepton kinematics

and are given by

4 _H, + Weak L, Butnets (29)
do 2 2
B. -H. sym. e (x6 MZ )Wz
and
g. g x R
<\ > = -<\ > = Ah 6 2 {(30)
+" sym. - sym, ez(x - M Z)W
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respectively, Since in most gauge models ngh ~ gAgh ~ MZZGF and

R ~W,when|x

2 2
5 5 ’k ’ <« M we recover the crude estimate made

6|: Z,
2

in the Infroduction of the magnitude of the effects, namely GFkZ/e .

III, THE STRUCTURE FUNCTIONS AND NEUTRAL CURRENT MODEL
To make numerical estimates of the sizes of the effects discussed
above we need a specific model for the currents entering in the Hamiltonian
Eq. (2). We shall proceed in three steps to define such a model.
First we shall assume that the Callan-Gross relation holds not only

between W1 and Wz, but also between R1 and Rz:

vW

it

5 ZMTXVV1 {31a)

vR

5 ZMTXR1 . (31b)

Then the following combinations of structure functions simplify, becoming

L,Ww, - L,W, = % W,L (32a)

12

and

L,R, -LR —x5R L {32b)

2712

where
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X X
2 2% 1 6
= =y )+ x4+ 5 4
Ly = & *x )(x Zx) &, #%, Xe)(XS xs)

+ + - - +
x by - %) - X k) +x,)

Secondly we assume that the structure functions are adequately

described by a quark-parton model, i.e., assume

R g "
JEM z Qiqu q;
quarks
and
(T = M
T Z 9,y (a; - byvgla,
quarks
Then
w, = x 2 Qffp)+ )
YW T X i[pi Py ‘
guarks
VR, = 2% z Qiail:pi(X)+p‘i.(x):| ,
quarks
= - b - Do
and VR, = -2 9 Qii[:p.l(x) pi(x)]
quarks

where p.{x) and p.i.(x) are the usual probability functions for quarks and
1

antiquarks, respectively.

(33)

{34a)

(34b)

(35}



-47- FERMILAB-Pub-77/47-THY

1
Finally, we shall use the standard Weinberg-Salam model 3 in which

case the coupling constants are the following:

g = = (4sin®6. -1); g, T —— ;g = ——
v 2 sin ZQW W A 2 sin ZBW h sin ZGW
1 4 2 1 2 2
= [ - X | . = R s o 3 .
au ac > "3 sin BW‘ ad as >*3 sin BW ; (36)
_ 1 _ - .1
bu B bc 2 bd bs 2

0
The mass of the vector boson Z is given by

2

5 e

M = . 2 . (37)
Z 'JZ_GF(Sln zew)

The only remaining free parameter is the Weinberg angle BW and
for numerical calculations below we shall choose the experimentally favored
1 ! sin® g.. =03
value sin w23
The probability functions pi(x} and pf(x) can be parametrized using

either deep inelastic electron or neutrino scattering data, We shall use

14
the parametrization given by Barger and Phillips. For a proton target,

_ _ _ . 0.1445 9
P, *Pg =Pz = P3 =85 = ——U-x) , (38a)
R .23 .25 i 2'7}
pu = ?}{-{0.594(1 x7) +0.464(1 - x"Y +0,624(4 -x ) ¢r+s (38b)

{o. 072(1 - x2)° +0.206(1 - x°)° + 0. 624(4 - x2)7} +s . (38¢)

o
jo R
IH
:<|"‘
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The probability functions for a neutron target are obtained by interchanging

P, and pd in the above equation.

IV, NUMERICAL RESULTS
I 2 l 2, . 13
For |k <« MZ in the Weinberg-Salam model D> and A are

given by the following simple expressions:

G XRL

F 1 3
A - , (39)
NZ 2 2 12
and
-G x R
_ F 1 6 2 PR
<?\+> vy ez Wz + {4 - 4sin GW)A
{40)
lkZIR_z/W ,
= —-———2% + {1 - 4sin GW)A
115 GeV

In Fig. 3 we plot vWZ, Rzl W,, and xR3/W2 all of which are functions
of x only. We have chosen an isoscalar target. These quantities serve
to illustrate the hadronic depdndence of the neutral current effects independently
of the lepton pair kinematical configuration which is contained in L12 nd
L3. In fact, these same functions also appear in other processes where the
weak neutral and the electromagnetic currents can interfere, e.g.,
e * +p ~ e +Xande +e” -p + X.

The kinematical variables for the leptons in the laboratory system

are defined in Fig., 4. We shall present numerical results for the following



-19~ FERMILAB-Pub-77/47-THY

two kinematical configurations for purposes of illustration:

g =2, ¢ = 180

and

6 =5 , ¢ 180°

For each of these configurations we consider two photon energies,

EY =150 GeV and EY = 200 GeV. For these four cases we have plotted

the asymmetry A and the polarization <A in Figs. 5, 6, 7 and 8 choosing
two values of E+, viz, E+ =5 GeV and E+ =10 GeV and taking E_ in the

range 10 GeV <E_ <100 GeV,

V. DISCUSSION
From Egs. {39} and (40) it is evident that most of the dependence
on the leptonic kinematical configuration enters through the asymmetry A

which involves L3/ Li For the completely symmetric configuration,

5
A vanishes and <x+> is simply proportional to k2 and involves x only through
the function RZ/WZD

From Figs., 5, 6, 7 and 8 one sees that both the polarization <7\+>
and the asymmetry A are of the order of 1% to 5%. The effects tend to
be smaller when the kinematical configuration is more symmetric, as one

might expect. From Figs. 5 and 6 one sees that for this kinematical

configuration both <)\+> and A are roughly proportional to EY and also



-20- FERMILAB-Pub-77/47-THY

depend linearly on E+ and E . Figs. 7 and 8 illustrate that for this more
symmetric kinematical configuration <\ > and A remain crudely proportional
to EY and approximately linear in E+; however, the dependence on E_
is more complicated. Apparently <?\+> and A vary linearly with E+ and
E_only for Ei < EY.
It is clear that observation of anonvanishing lepton polarization is
conclusive proof of parity violation inphotoproduction of lepton pairs.
However, other purely electromagnetic amplitudes interfering with the
Bethe-Heitler amplitude will also contribute to the asymmetry A between
£ " and £ . The energy dependence, however, of the asymmetry arising
from higher order electromagnetic effects and the neutral current effect
calculated here will differ considerably. This is expected on the basis of
the simple dimensional argument that the weak amplitude will invoive the
Fermi coupling GF ~ 10_5/ GeVZ, hence the asymmetry ~GFE2, while
the pure électromagnetic asymmetry is mildly, if at all, dependent on
energy.
A very important advantage in looking for neutral current effects: in
charged lepton + hadron systems like we have considered here lies in the
fact that the signals survive even in the case when the neutral current coupling
to the charged leptons conserves parity (gA = 0). That this might be the

case is suggested by the negative results of the atomic parity violation

3

experiments, In such low energy experiments parity violation at the

hadronic vertex is much too small to be detected, so that one may plausibly
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argue that the fajilure to observe the predicted rotation of the plane of the
polarized light in these atomic experiments indicate Ep ~ 0.

Certainly our numerical results in section IV are somewhat model-
dependent. However, the Weinberg-5alam model does enjoy a certain
amount of experimental support and has the virtue that it is a one-parameter

: - 5
theory with that one parameter, viz, sin 8 fairly well determined from

W
the analysis of neutral current data, Of course, it cannot, in its simplest
form, accomodate gA = 0. In addition, we had to choose specific parton
distribution functions p.l(x) and p-i-(x). Since only the ratios of these functions
appear in the quantities of interest, we expect that a different choice would
not significantly affect the final results.

In conclusion, we have shown that approximately 1% - 5% neutral
current effects can be expected in the photoproduction of lepton pairs at
presently available beam energies of 100 - 200 GeV, The signals have
been found to be most pronounced for highly asymmetric pairs., We
emphasize that nonvanishing polarizations are expected in any theory where

either the leptons or the hadrons or both have a Y5Y[».L coupling to the weak

boson.
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FIGURE CAPTIONS
Feynman diagrams for the electromagnetic contributions
(a and b) and the weak contributions (c and d) to the
photoproduction of lepton pairs.,
Compton-like electromagnetic (a) and weak (b) amplitudes
for lepton pair photoproduction.
The combination of hadronic vertex functions v'Wz, RZ/ WZ’

and xR3/ W, which appear in the present calculations,

2

X = —kZ/ 2M, v is the usual scaling variable and we have

T

assumed an isoscalar target,
The coordinate system, in the laboratory frame, used to
describe the directions of the leptons with respect to the

incoming photon momentum.

For 6, = 24°, 8 =2° ¢ =180° and EY = 150 GeV the

polarization <\ f and the asymmetry A {Eqs. (25) and (26 ):l
in % as a function of E_. The continuous and broken lines

correspond to E+ =5 GeV and E+ = 10 GeV respectively.

For 0, - 24°, 9 =2°, ¢ =180° and | =200 GeV the

polarization <\ Py and the asymmetry A [Eqs. (25} and (26)]

in % as a function of E . The continuous and broken lines

-

correspond to E+ =5 GeV and E, =10 GeV respectively.

For 6 = 15°, 8 =52, ¢ =180° and E_ =150 GeV the

polarization <\ > and the asymmetry A [Eqs. (25) and (26):'



Fig. &;
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in % as a function of E ., The continuous and broken lines

correspond to E+ =5 GeV and E+ =10 GeV respectively.

For § =15, 6_=5°, ¢ =180° and B, = 200 GeV the

polarization <?x+> and the asymmetry A [Eqs. (25) and (26)}

in % as a function of E_. The continuous and broken lines

correspond to E+ =5 GeV and E+ =10 GeV respectively,.



(p)

(9)

(9)

(D)

A*n_:ﬁ (d)N

(N4
+
(d).7

(d)_7
(b)y L



7 *B1d




2
\ / W2
0O
...| L -
xR
3
/
Wo
_2 | } |
O 25 S50 75

Fig. 3

1.0



to -

Fig. 4



|
[

i
2=--__--""-[—--—--—

b T, --'-u — S -""--..‘- #
Polarization
|

\‘

Fig. 5



Asymmetry




1
—

]

-
b Y

e
o,
S
ﬁ-‘

Polarization -
-.h'--__

- -~
//
s
7
/
/
/
/
/
~Asymmetry /7 -
%
/
P
| | |
10 30 50 70
E_(GeV)

Fig. 7

90



s cumes  EEE ——

Polariza

tion

— amm seam

P
s
7 -
7
Asymmetry
/
/
/
//
-
—_ - 1 i ]
0] 30 50 70
E_ (GeV)

Fig., 8

90



